Horses, like all animals, are born without the symbiotic microbes that occupy the gastrointestinal tracts of mature animals. As grazing animals, horses rely on these microbes to fully utilize the grasses and other cellulosic feeds that they consume. Thus, colonization of the foal's gastrointestinal tract must occur between birth and weaning. The feces of nine mare and foal pairs were sampled from the day of parturition until 12 weeks of age, and the samples were analyzed by polymerase chain reaction amplification of the bacterial 16S rRNA gene and denaturing gradient gel electrophoresis (PCR-DGGE). The gels from feces of day (d) 0 foals had no or very few ( x = 3, n = 6) bands, which indicates that species richness was low. The number of bands increased during the first 4 days of life, and by d 14 the foals and mares had similar numbers of bands ( x = 28, n = 23). Some bands were present in young foals, but not in mares or in foals on d 42 or d 84, which indicated succession of bacterial species. When the PCR-DGGE profiles were compared with Dice's algorithm, all mare-foal pairwise similarities on d 14 and later were as great as the pairwise similarities between mares. These results are consistent with the idea that foals are born with a sterile gut, colonization proceeds rapidly, and a mature microbial community is present in the first few weeks of life.
Introduction
It has long been held that neonates are born sterile, and that the symbiotic microbiome is acquired by postpartum colonization [1, 2] . The placenta provides a barrier to both pathogens and commensal microbes that are present in the mother, and the first exposure to bacteria occurs during birth. Recent studies of human infants support the hypothesis that the initial inoculum comes from the vagina of the mother during birth [3, 4] . Colonization occurs rapidly, but the predominant species depend on the diet [5] . In the case of humans, succession appears to correspond to changes in diet. The community stabilizes as the baby approaches 1 y, but studies of older children are not available. Recent evidence indicates that the placenta [6] [7] [8] and even the meconium [9] can contain the DNA sequences of commensal bacteria. Nevertheless, most documented cases of in utero exposure to bacteria are best characterized as infection. Listeria monocytogenes, Fusobacterium necrophorum, and Coxiella burnetii have all been associated with placental infection in mammalian species [7, 10, 11] .
The problems associated with in utero exposure to bacteria must be considered in light of the metabolic contributions of the gut microflora to the host. That is, the normal microflora are beneficial, and the ability to maintain these symbionts is adaptive. This beneficial symbiosis is especially important in herbivores. Herbivores rely on the microbes in their gastrointestinal tracts to break down the fibrous materials that they consume [12] . Ruminants have a pre-gastric fermentation that occurs in the rumen, but non-ruminant herbivores also require symbiotic fermentation to effectively utilize fiber. In the case of horses, this fermentation occurs in the large intestine. The volatile fatty acids produced in the large intestine represent the majority of the energy absorbed by horses under some dietary circumstances [13] . Given these observations, it seems likely that the normal flora must be present prior to weaning. [14] [15] [16] [17] [18] [19] [20] . By 6 weeks, calves have some of the same bacteria as adults, and by 9 -13 weeks, the bacteria isolated from calves were typical of those found in mature cattle [16, 19] . Less is known about the colonization of equine gastrointestinal tract. Foal meconium was reported to be free of bacteria, which is consistent with the premise of a sterile gastrointestinal tract [21] . Lactobacilli, enterococci, and clostridia were isolated from feces as early as 3 d post parturition. Enrichments of cellulolytic and lactic acid bacteria indicated that these guilds were present in feces at levels similar to mature horses by 12 weeks [22] .
The two aforementioned studies tested the foal microflora with culture-based techniques. Culture-based evaluation has distinct strengths. However, diversity is not adequately assessed by cultivation because of the selectivity of the media that are employed. Indeed, most microbial clades were unknown until the advent of molecular microbial ecology [23] . The purpose of the current study was to observe the colonization of the foal gastrointestinal tract with a molecular community "fingerprinting" method. The method selected was PCR amplification of a portion of the 16S rRNA gene subunit, followed by denaturing gradient gel electrophoresis (PCR-DGGE). The hypotheses were: 1) bacteria are not initially detectable in newborn foals; 2) species richness (i.e. band number) increases over time; and 3) the microbiomes of foals are more similar to their own dams than to other foals by 12 weeks of age. The methods are presented below with a table of samples. Then the results are presented with three accompanying figures. A figure also included in the discussion, which pays special attention to the most complete set of samples that were collected from a single mare-foal pair. Finally, conclusions are made.
Materials and Methods

Animal Management
All procedures were approved by the Institutional Animal Care and Use Committee at the University of Kentucky (Protocol No. 2008-0311). Nine mare-foal pairs of Thoroughbred or Quarter Horse breeding were used for the study. During late gestation mares were housed outdoors in cool-season grass pastures and fed supplemental hay and concentrate. As mares approached parturition they were kept in box stalls at night and in pastures during the day. After parturition mares and foals were kept in stalls or small paddocks for a few days and then returned to pasture, except on days when samples were collected. Mares and foals were house primarily outdoors, where they had ad libitum access to cool season grass pasture. Mares were provided a pelleted concentrate twice a day to meet their nutrient requirements. While the foals were not specifically fed the concentrate, they did have access to their dam's feed bucket.
Collection
Fecal samples were collected from mare-foal pairs on day 0 (day of birth), day 1, day 4, day 14, day 42 and day 84. Foals were born in the night or early morning. Day 0 samples were obtained during the day following the night or morning of parturition (0 to 24 hours after birth). Samples were collected from the mare and foal of a given pair on the same day. Due to the difficulty in obtaining foal fecal material, not all mare-foal pairs are represented at each time point. Some unpaired animals are included to expand the data set. On collection days, the mare-foal pair was placed in a 4.25 m × 4.25 m box stall and monitored so that samples could be collected immediately following defecation. A fecal collection harness was sometimes used in the collection process for foals. The harnesses were made out of cloth and lined with plastic. In the case of the very young foals (<2 weeks), the entire defecation was often retained; otherwise a subsample (approximately 100 -200 g) of the feces was collected. In older foals and mares, several subsamples were collected from within the fecal pile and compiled. Fecal samples were placed in plastic bags, excess air was removed, and samples were immediately frozen in a −20 degree Celsius freezer.
PCR-DGGE Analysis
Three sub-samples were extracted from each fecal sample, and then combined prior to PCR in an attempt to obtain a representative sample. DNA was extracted from individual fecal sub-samples using the QiaAMP DNA Mini Stool Kit (Qiagen, Valencia, CA). The DNA template was amplified using PCR. PureTaq Ready-ToGo PCR beads were used according to the manufacturers instructions (GE Healthcare; Piscataway, NJ). The thermal cycler was an Eppendorf Mastercycler (Hauppauge, NY). The PCR cycles were: 94˚C for 5 min, 10 cycles of 94˚C for 0.5 min, 65˚C for 0.5 min, 72˚C for 0.75 min, 25 cycles of 94˚C for 0.5 min, 60˚C for 0.5 min, 72˚C for 0.75 min, final extension step at 72˚C for 5 min. 341F-GC and 901R primers [24] were used for the amplification process. PCR products were stored at −20˚C. Amplicons within the PCR products were separated using denaturing gradient gel electrophoresis (6% polyacrylamide, 40% to 60% denaturing gradient, 56˚C, 69 V, 17 h). The gels were stained with Gel Red (Phenix Research Products, Candler, NC). The Kodak Gel Logic System (1D Image Analysis Software V3.6.5; Rochester, NY) was used for photography. Each sample was subjected to PCR and separation at least twice.
The photographs were imported into BioNumerics v.
6.0 (Applied Maths, Austin, TX). The images were normalized during data import. The standards used for normalization were the PCR product of two pure cultures (Clostridium acetobutylicum and Peptostreptococcus anaerobius). Preliminary experiments demonstrated that these bacteria yielded five distinct bands that were distributed throughout the lane. The standards were run in 4 of the 14 lanes used on each gel. Band categories were assigned to each 1% of the 10 cm gel. The minimum profiling value was set at 5% of the maximum value of a lane. No bands that were identified by the software were removed. Obvious bands that the software did not identify were manually identified. Comparisons were made using Dice's algorithm [25] and reported as percent similarity. UPGMA (Unweighted Pair Group Method with Arithmetic Mean) dendrograms were constructed from Dice's analysis in BioNumerics with the algorithm. Cartesian plots were made in KaleidaGraph v. 4.1 (Synergy Software; Reading, PA) with data generated in BioNumerics. The significant differences in positive band categories were determined by Student's T-test, assuming unpaired data and unequal variance.
Results
Fifty-three samples were collected from mares and foals, including 46 same-day samples from mare-foal pairs ( Table 1) The difference in the number of positive band categories between the mares and the foals in the first 24 h post parturition was significant (P < 0.001), but band number differences were not significant in subsequent samples. In addition to the number of bands, the gel lanes were analyzed based on the position of positive band categories. The majority of bands occurred in categories between 35 and 95 mm of the gel (Figure 2) . However, some foals that were d 14 or younger had one or more bands that occurred before 35 mm Bands located in this region of the gel (<35 mm) were not observed in older foals. Only one mare sample (G, day 1) had bands before 35 mm. The positive and negative band categories of all the samples were quantitatively compared and a dendrogram was constructed (Figure 2) . The within-mare similarity ranged from 44.9% to 81.4%. Primarily because of the low number of positive band categories, the d 0 foals did not group with the mares. Three of the five d 1 foals were most similar to another 1 d foal or to a d 0 foal. The exceptions were foal (a), which was most similar to mare (pairwise, Dice's analysis) of each mare sample was compared to its corresponding foal sample on each day (Figure 3) . The similarity was initially low, but rapidly increased in the first few days of life. By d 84, the similarity ranged from 54% to 87%. The mare/foal pair with 87% similarity was (Ee). They represent the most complete data subset in the study (Figure 4) . The foal gel lanes (Figure 4(a) ), the foal and mare band number (Figure 4(b) ), and the pairwise similarity (Figure 4(c) ) are shown. Figure 4 shows the PCR-DGGE analysis of the feces from a single foal (e) from his birthday to 12 weeks of age. We conjecture that the curves shown for band number (Figure 4(b) ) and similarity to his dam (Figure 4(c) ) provide an example of the rate and extent of colonization of equine gastrointestinal tract. Fewer samples were collected from any other mare/foal pair, but the data from these samples are consistent. When the feces collected from foal (e) on the day of his birth was analyzed, no DGGE bands were evident. Five other foals were sampled on d 0. Two of these had no bands, and three had small numbers of bands. The d 0 fecal samples were never available immediately after parturition, but rather at any time within the first 24 h. One interpretation is that the foals were born sterile, and colonization began in the first 24 h. However, DNA sequences from commensal bacteria were recently found in the placentae of humans and mice [6] [7] [8] . It is possible that bacteria were present in the foals at numbers below the limit of detection for the touchdown PCR procedure that was used.
Discussion
By d 1, the sample from foal (e) yielded 19 bands (Figures 4(a) and (b) ), which indicates that bacteria were present in the feces. The ways that normal microflora are acquired has been examined in other species. For example, gastrointestinal tracts of vaginally delivered human babies are dominated by the mother's vaginal and intestinal microflora, but babies delivered by caesarian section primarily carry environmental microbes [3] . It is reasonable to assume that a foal is also colonized by microbes from the dam's vagina, as well as from grooming and other maternal contact. Newborn foals often exhibit searching behavior prior to nursing and may suckle various parts of the mare's body in this process. Once nursing in established, the foal may suckle the udder more than 100 times a day in the neonatal period [26] . The exterior of the mare's body, including the udder, is not sterile and thus could provide a source of ingested microbes for the foal. Additionally, foals, like many juvenile herbivores, are coprophagic [26] . Establishment of the normal microflora may be an important function of this behavior. It has been shown that foals usually consume fresh, rather than dry feces. Compared to dried feces, fresh feces would be more likely to contain viable microbes that could successfully colonize the gastrointestinal tract. In addition, foals preferentially consume the feces of their dam, even when fresh feces from another horse are also present [27] . The propensity to consume the feces of their dam may explain the relatively high level of microbial similarity in mare-foal pairs.
Foal (e) had bands in the first 35 mm of the gel on d 1, d 4, and d 14, but they were not present in the two later samples. These "early bands" were common among the young foals, but on only one band before 35 mm was observed in a single mare sample. It is possible that these bands represented transient bacteria that persist for a limited time in the foal's gastrointestinal tract. In primary succession, the first organisms that colonize new habitat are called pioneer species, and the hypothesis that these transient bands correspond to microbial pioneer species in the foal gastrointestinal tract is consistent with either the facilitation or the inhibition models of succession [28] . Bacterial succession was observed in two human babies using PCR-DGGE [2] . However, if these bands represent pioneer species, it is uncertain how they affect the developing microbiome or the host.
When foal (e) was sampled on d 42, it was observed that he had more positive band categories than his dam. The similarity of his sample to hers was 60%. Likewise, all of the other mare/foal pairwise similarities were greater than 50% in the 42 d and 84 d samples. Correspondingly, the mares and older foals did not form distinct groups when analyzed. These data indicate that the species richness in the foals' gastrointestinal tracts was similar to that of mature horses by the sixth week of life. The similarity of the older foals to the mares and the apparent decrease in the acquisition of new species suggests that a climax community was achieved by approximately 6 weeks.
It is important to acknowledge the limitations of PCR-DGGE and similar methods. Traditional measures of ecological diversity, such as the Shannon Index, require the number and size of the populations in a community [29, 30] . PCR-DGGE results are not indicative of population size, and quantitative biases associated with similar methods have been demonstrated [31] . However, these methods can be used to estimate species richness, or the number of species in a habitat [2, 6, 19, 24, 32] . Furthermore, results from culture-based and physiological studies are consistent with the hypothesis that a foal can possess a gastrointestinal microbial community in the climax state by 6 -12 weeks post parturition. In vitro fiber digestion by the fecal microbes of 1 d foals was approximately half that of mares, but by 4 weeks of age there was no difference between the foals and mares [33] .
Likewise, cellulolytic and lactic acid bacteria were found in similar numbers in 12 week old foals and mares [22] .
Weaning is the greatest dietary change in the life of a mammal. Even in human nutrition, we have not successfully imitated milk. This is evidenced by significant compositional differences in the intestinal microflora of human infants that are raised on formulas versus human milk [34] . We conjecture that the transition from milk to feed is even greater for herbivores that rely on fermentative microbes to provide metabolic access to that feed. Although neonatal foals obtain most of their nutrients from milk, they may consume pasture, hay or grain as early as 1 day of age. By 5 weeks of age foals spend more than 20% of their time grazing or eating non-milk foods [27] . Overall, the timeline of the microbial establishment of the gastrointestinal tract is consistent with the time at which plant-based feeds become important in diet of the foal.
Conclusion
To the best of our knowledge, this is the first attempt to observe colonization of the equine gastrointestinal tract using molecular methods. The data provide evidence that the beneficial symbiosis between the microbiome and the horse begins early. It appears that foals are born without bacteria in the gastrointestinal tract, but colonization begins during the first day. Colonization proceeds rapidly, there is some evidence of succession, and a mature microbial community is present by the sixth week of life.
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